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Abstract

Aims: To conduct a meta-analysis of randomized controlled trials (RCTs) to assess
the effect of sodium-glucose cotransporter-2 (SGLT2) inhibitors on inflammatory
biomarkers.

Methods: Medline, Embase and the Cochrane Library were searched for RCTs inves-
tigating the effect of SGLT2 inhibitors on inflammatory biomarkers, adipokine pro-
files and insulin sensitivity.

Results: Thirty-eight RCTs were included (14 967 participants, 63.3% male, mean age
62 + 8.6 years) with a median (interquartile range) follow-up of 16 (12-24) weeks.
Meta-analysis showed that SGLT2 inhibitors significantly improved adiponectin,
interleukin-6, tumour necrosis factor receptor-1 (vs. placebo alone: standardized
mean difference [SMD] 0.34 [95% confidence interval {CI} 0.23, 0.45], mean differ-
ence [MD] —0.85 pg/mL [95% CI —1.32, —0.38], SMD —0.13 [95% CI —0.20, —0.06],
respectively), leptin and homeostatic model assessment of insulin resistance index
(vs. control: SMD —0.20 [95% Cl —0.33, —0.07], MD —0.83 [95% Cl —1.32, —0.33],
respectively). There were no significant changes in C-reactive protein (CRP), tumour
necrosis factor-a, plasminogen activator inhibitor-1, fibroblast growth factor-21 or
monocyte chemoattractant protein-1.

Conclusions: Our analysis shows that SGLT2 inhibitors likely improve adipokine bio-
markers and insulin sensitivity, but there is little evidence that SGLT2 inhibitors

improve other inflammatory biomarkers including CRP.
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1 | INTRODUCTION

In 2015, sodium-glucose cotransporter-2 (SGLT2) inhibitors were
found to significantly reduce cardiovascular events in people with
type 2 diabetes mellitus (T2DM) who are at the highest risk of
experiencing such events. When given to individuals with heart fail-
ure with reduced ejection fraction, SGLT2 inhibitors reduced cardio-
vascular mortality and hospitalizations for acute heart failure by
approximately 25%2° and in heart failure with preserved ejection
fraction by approximately 20%.* Whilst SGLT2 inhibitors were initially
designed as a medication for the treatment of T2DM, where they pro-
mote renal excretion of glucose, it remains unexplained how SGLT2
inhibitors exert their cardiorenal-protective effects. Multiple explana-
tions for the underlying cardiovascular benefits have been described
that extend beyond improved glycaemic control.’ These include early
natriuresis, reductions in plasma volume, improved vascular structure
and function, renal collecting tubular extension, reduced blood pres-
sure, modifications to tissue sodium handling, favouring of ketone
body metabolism, reduced uric acid levels, reduced adipose tissue-
mediated inflammation, reduced body mass and reduced oxidative
stress.>®

Of the mechanisms listed, inflammation is of particular interest
as it has a significant role in the pathophysiology of T2DM,”"? and is
increasingly recognized as a key player in the pathogenesis of cardio-
vascular disease (CVD).1°1? Research from basic science models sug-
gests that SGLT2 inhibitors may be anti-inflammatory. SGLT2
inhibitors may reduce tumour necrosis factor-alpha (TNF-a),
interleukin-6 (IL-6) and monocyte chemoattractant protein-1
(MCP-1)*? in apolipoprotein E knockout mice, IL-6 and tumour
necrosis factor receptor-1 (TNFR1) in human proximal tubular
cells,*® and IL-6, TNF-a and MCP-1 in mouse models of diabetic kid-
ney disease.’* Furthermore, SGLT2 inhibitors may upregulate the
production of adipokines in obese mice.r> However, it remains
uncertain whether these mechanisms apply to humans. Previous
reviews have sought to understand whether inflammation plays a
role in the cardiorenal-protective effects of SGLT2 inhibitors in
humans, but none has been able to provide a quantitative, minimally
biased assessment of the effect of SGLT2 inhibitors on biomarkers

of inflammation.®

2 | METHODS

This review is written in accordance with the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA) 2020

guidelines (Table S1) and registered with PROSPERO
(CRD42022363880).17
21 | Search strategy

Medline, Embase and the Cochrane Library were searched from incep-
tion to January 2024 for trials investigating the use of SGLT2

inhibitors and measuring biomarkers of inflammation. The full search
strategy can be found in Table S2. Medical subject heading (MeSH)
terms were used where feasible. Following removal of duplicates, the
results of the search were screened independently by three reviewers,
before full-text eligibility assessment was performed independently
by two reviewers (Figure 1).

2.2 | Study selection

Eligibility was restricted to prospective randomized controlled trials
(RCTs), of either parallel or crossover design, that used SGLT2 inhibi-
tors as intervention compared to any control other than different
SGLT2 inhibitor drugs or doses. Observational studies, case reports
and basic science reports without human participants were excluded.
Adults were included if they were eligible for SGLT2 inhibitor pre-
scription, including patients with T2DM, symptomatic chronic heart
failure and chronic kidney disease. Trials were excluded if they
included individuals with type 1 diabetes mellitus or paediatric partici-
pants. Trials of any study duration were included providing they
reported the measurement of inflammatory biomarkers, regardless of
the primary outcome measured. Trials were also excluded if they did

not possess data that could be quantitatively analysed using meta-

analysis.
8 3572 records identified through
g database searches —
= Medline: n = 2571
'g' Embase: n = 758
kel Cochrane Library: n = 243
Not RCT, n = 1452
I ¥ - Not related to inflammation, n =
951
392 duplicates removed Experimental research, n = 338
24 - Inappropriate population (e.g.
'5 T T1DM, paediatric), n = 185
o - Not SGLT2 inhibitor intervention,
A 3180 records screened based on n=42 .
title and abstract -] - Inappropriate control (e.g.
SGLT2 inhibitor), n = 56
— ¥
Duplicates, n =23
No biomarker of interest, n = 34
z No relevant data, n = 19
5 156 records assessed for eligibility ) Not RCT, n = 32
& based on full text Inappropriate population (e.g.
w T1DM, 72 h post-PCl), n =3
Inappropriate control (e.g.
SGLT2 inhibitor), n =2
— ¥ - Post hoc results combined with
original papers, n=5
2
] 38 studies included in quantitative
E synthesis (meta-analysis)
FIGURE 1 Flow diagram based on the Preferred Reporting Items

for Systematic Reviews and Meta-Analyses (PRISMA) 2020 guidelines
showing the method of identifying trials and reasons for exclusion.
PCl, percutaneous coronary intervention; RCT, randomized controlled
trial; SGLT2, sodium-glucose cotransporter-2; T1DM, type 1 diabetes
mellitus.
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2.3 | Outcomes of interest and comparisons

The following biomarkers were selected a priori based on published
evidence linking these biomarkers to inflammatory pathways. We
specify where there were no data available to report a biomarker.

Inflammatory biomarkers—C-reactive protein (CRP), adiponectin,
leptin, TNF-a, IL-6, TNFR1/2, plasminogen activator inhibitor-1
(PAI-1), fibroblast growth factor-21 (FGF21) and MCP-1.

Insulin sensitivity markers—homeostatic model assessment of
insulin resistance index (HOMA-IR).

These biomarkers are established to be related to
inflammation.®"2> Of note, adiponectin is thought to increase IL-6.2¢
Insulin resistance is a key promoter of chronic inflammation, there-
fore, HOMA-IR (a direct measure of insulin resistance) was included.?”

Comparisons are made between study arms that were exposed to
SGLT2 inhibitors compared with controls. Controls were defined as
standard care including other glucose-lowering medications or pla-
cebo. Subgroup analysis was performed between comparisons made
with placebo and other diabetes medications in an attempt to reduce

heterogeneity.

24 | Data extraction and synthesis

Data were independently extracted into a preformatted Excel spread-
sheet from eligible RCTs. Continuous outcomes for biomarkers were
converted into equivalent, appropriate units. Where data were miss-
ing, these were sought via email from authors, and failing this, were
considered missing at random. Furthermore, the following participant
characteristics were extracted: age, sex, glycated haemoglobin
(HbA1c), fasting plasma glucose, weight, body mass index (BMI), and
diabetes duration. Data on the mean change in biomarkers of interest,
alongside relevant standard deviations (SDs), and numbers of individ-

uals in each relevant arm were collected.

2.5 | Associations of biomarker changes with
clinically relevant outcomes

Where possible, clinically relevant outcomes were also collected such
that analysis could be made for an association between changes in bio-
markers with changes in clinically relevant outcomes. Analysis of a poten-
tial association with a particular biomarker would not be sought if there

was no evidence of a change in this biomarker with SGLT2 inhibitors.

2.6 | Quality and risk of bias assessment

The Cochrane risk-of-bias tool for randomized trials (RoB 2) was used
to assess risk of bias.?® The Grading of Recommendations Assess-
ment, Development and Evaluation (GRADEpro) tool was used to

assess outcome quality for each biomarker of interest.??

2.7 | Statistical analysis

Random-effects meta-analysis was used to assess the change in bio-
markers with and without exposure to SGLT2 inhibitors in Stata (17.0,
StataCorp LLC, College Station, TX, USA). Mean difference (MD) was
used as default, unless different collection or measurement methodolo-
gies were used between trials for the same biomarker, in which case
standardized mean difference (SMD) using Hedges' G was used.° Het-
erogeneity was quantified using the > measure and the p value from the
chi-squared test. I? > 50% was considered to represent moderate-to-high
heterogeneity.>! Small study effects were examined using funnel plots
where the number of included trials was greater than 10, accompanied
by Egger's regression test.>? If the change in biomarker mean and SD
were not available, the SD was calculated from the standard error of the
mean, or values were estimated using methodology from the Cochrane
handbook.3® In cases where the median and interquartile range were
provided in place of mean and SD, the mean and SD were estimated
using methodology described by Wan et al.>* In a minority of cases, if
the SD was missing and could not be estimated, data were sought from
the authors and failing this, values were imputed using the validated

methodology described by Ma et al.®®

Descriptive statistics are reported
as means + SD. Baseline characteristic averages were calculated as the

mean for each trial, weighted by the number of participants in the trial.

3 | RESULTS

Of the 38 RCTs used in this analysis, 35 were parallel trials and three
were of crossover design.2438 All trials were prospective, and data

37240 and partly

were obtained from post hoc analyses in four trials
obtained in three trials.*®>*'~%% In total, 8589 included participants were
treated with SGLT2 inhibitors, with a mean age of all participants of
62.0 + 8.6 years, 63.3% were male and the median (interquartile range)
follow-up was 16 (12-24) weeks (Table 1). The trials were performed
in 13 different countries (17 from Japan,047:55-57:59.64-67.69-75 three
from the United Kingdom,*®52¢° two from Denmark,3%*’ two from
Germany,®”°* two from the Netherlands, >3 two from Thailand,>®?
two from the United States,®®”¢ one from Austria,*® one from Brazil,>*
one from China,*> one from Finland,®* one from Malaysia58 and one
from Sweden®®) and two were multinational.*””” Participants had a
mean HbA1c of 64.7 = 9.6 mmol/mol, a mean BMI of 30.9 * 5.4 kg/m?
and a mean diabetes duration of 11.9 + 7.2 years (Table 1). Most trials
used either dapagliflozin or empagliflozin (dapagliflozin 16 trials, empa-
gliflozin nine trials, ipragliflozin six trials, canagliflozin two trials, luseo-
gliflozin two trials, tofogliflozin two trials and empagliflozin with
licogliflozin one trial). For the dapagliflozin and empagliflozin trials, all
used licensed doses, with the majority of dapaglifiozin trials using
10 mg and empagliflozin trials using 25 mg. SGLT2 inhibitors were
compared against placebo in 25 trials, specific glucose-lowering medi-
cations (glibenclamide, glimepiride, pioglitazone, pioglitazone with gli-
mepiride, metformin in two trials, sitagliptin, vildagliptin and voglibose)

in nine trials and standard care in four trials.
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(Continued)

TABLE 1

Diabetes

BMI,

HbA1c,

duration,

kg/m?

mmol/mol

Sex,

Age,

Duration,
weeks

No.

Study name
and year

years + SD
6.7 +6.0

FPG, mg/dL £ SD
175.0 + 40.8

OR % £ SD

8.3

% male
69.7

years + SD

Primary outcomes

HbA1lc

Study arms

Country

included

255+35

+0.8

59.4 +10.0

Ipragliflozin
Placebo

Japan

16

129

Kashiwagi 2015

(CLO105)7*
Kashiwagi 2015

7.7 %55

258 +£4.0

165.9 +28.2

+0.7

8.3

58.9

56.7 £10.2

HbA1lc

Ipragliflozin
Placebo

Japan

24

168

BUTTICE ET AL.

(CLO106)72
Kashiwagi 2015

6.8 £

27.1+40

1719 +34.1

+0.7

8.3

74.2

56.2 +10.8

HbA1lc

Ipragliflozin
Placebo

Japan

24

151

(CL0107)73
Kashiwagi 2015

10.5+ 6.8

253+34

178.5 +£33.3

+0.7

65.9 8.4

59.7+£9.6

HbA1lc

Ipragliflozin
Placebo

Japan

24

240

(CLO109)74
Kaku 20147°

64+59

255+4.1

168.9 + 31.0

+0.8

66.8 8.4

57.2+9.7

HbA1lc

Tofogliflozin
Placebo

Japan

24

229

6.7+53

31.1+£55

164.7 + 36.9

+0.8

525 7.8

56.0+9.1

Canagliflozin HbA1c

Glimepiride

USA

52

967

Cefalu 20137°

14 +25

31854

158.3 + 34.0

+1.1

7.9

50.0

53.0 £ 10.5

HbA1lc

Dapagliflozin
Placebo

24 Multiple

282

Bailey 201277

countries

denotes data unavailable. HbA1c units represent those found in each paper. See results section for average HbAlc.

Abbreviations: BMI, body mass index; CRP, C-reactive protein; FMD, flow-mediated dilatation; FPG, fasting plasma glucose; HbAlc, glycated haemoglobin; SD, standard deviation.

‘s

Note: Values given as mean * SD. Values rounded to one decimal place.

3.1 | Risk of bias and evidence quality

Half of the outcomes provided moderate- or high-certainty evidence
(Table S3). The RoB 2 tool was used to assess the randomized trials
for risk of bias. Of the 38 trials, 17 were deemed to have ‘low’ risk of

36,37,39,46-48,52,54,55,61,63,68-70,75-77 14 warranted

bias, ‘some con-

Cern»38,40,49751,56758,60,65,67,71,73,74

and seven were judged as having a
‘high’ risk of bias?>>357:626466.72 (Taple S4). The biomarkers included
in high-risk trials included CRP (4/16), adiponectin (4/20), leptin
(2/12), HOMA-IR (4/13) and TNF-a (3/5). Concerns regarding the ran-
domization process were present for 36.8% of the trials. Risk of bias
in assignment to intervention was the principal reason resulting in

seven trials being considered as having a high risk of bias.

3.2 | Inflammatory biomarkers

3.21 | C-reactive protein

From the analysis of 16 trials and 1435 participants at follow-up, use
of SGLT2 inhibitors was associated with no significant MD in CRP
levels compared to control (MD —0.10 mg/L, 95% confidence interval
[CI] —0.35, 0.15). There was also no significant difference between
groups in subgroup analysis. Overall heterogeneity was high
(7 = 81.0%, p < 0.1) and remained moderate in the placebo subgroup
(P=611%, p<0.1) and high in the diabetes
subgroup (I? = 93.0%, p < 0.1; Figure 2A).

medications

3.2.2 | Fibroblast growth factor-21

From the analysis of four trials and 157 participants at follow-up, use
of SGLT2 inhibitors was associated with no significant SMD in FGF21
levels versus placebo (SMD —0.17 [95% Cl —0.47, 0.14]). There were
no included trials using diabetes medications as control (Figure 2B).

3.2.3 | Monocyte chemoattractant protein-1

From the analysis of three trials and 291 participants at follow-up, use of
SGLT2 inhibitors was associated with no significant SMD in MCP-1 levels
compared to control (SMD —0.07 [95% Cl —0.29, 0.16]). There was no

significant difference between groups in subgroup analysis (Figure 2C).

3.3 | Inflammatory biomarkers—Adipokines

3.3.1 | Adiponectin

From the analysis of 20 trials and 2789 participants at follow-up, use
of SGLT2 inhibitors was associated with no significant SMD in adipo-
nectin levels compared to control (SMD —0.24 [95% ClI —1.01, 0.53]).
In subgroup analysis, adiponectin was significantly increased versus
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CRP
SGLT2 inhibitors Control Mean diff. Weight
(A) study N Mean SD N Mean  SD with 95% CI (%)

SGLT2 inhibitors vs. placebo
Erikkson 2018 19 -.23 1.15 20 .16 223 —W— -0.39[-1.51, 0.73] 3.53
Hattori 2018 51 -.74 1.89994 51 25 212182 —l— -0.99[-1.77, -0.21] 5.66
Bosch 2019 58 -11 2.02613 58 -.22 2.26276 ‘ 0.11[-0.67, 0.89] 5.66
Brown 2020 32 -.16373 .770933 34 .06673 .932113 -0.23[-0.64, 0.18] 9.55
de Boer 2020 32 957187 1.58219 10 1.02 .64 -0.06 [-1.08, 0.95] 4.09
Zainordin 2020 36 29 516296 36 12 1.45926 —®—— 278 1.03, 453] 1.73
Oldgren 2021 25 -99 1.33022 24 —-.26 1.45556 -0.73[-1.51, 0.05] 5.67
Antlanger 2022 22 016667 1.24786 23 .25942 1.42491 -0.24[-1.03, 0.54] 5.64
Omar 2022 94 366667 1.11111 93 .016667 .740741 0.35[ 0.08, 0.62] 11.27
Sargeant 2022 16 3 1.31366 15 -1 3.43096 130[-0.51, 3.11] 1.64
Diao 2023 23 -32 1.41062 23 -.25 1.08687 -0.07[-0.80, 0.66] 6.12
Heterogeneity: 12 = 0.18, /2 = 61.05%, H? = 2.57 —-0.06 [ -0.41, 0.30]
Test of 6, = 6: Q(10) = 29.56, p = 0.00
Testof 6 =0: 2=-0.32, p=0.75
SGLT2 inhibitors vs. diabetes medications
Phrommintikul 2019 21 -.04 1.40599 22 .64 2.81928 —W—— -0.68[-2.02, 0.66] 2.69
Javed 2019 19 -2.1 1.15966 20 -1 1.32874 —— -1.10[-1.88, -0.32] 5.64
Katakami 2020 152 —-.095 .433333 152 .007667 .448519 -0.10 [ -0.20, -0.00] 12.77
Sposito 2021 48 -2 1.84321 49 -5 2.0798 } 0.30[-0.48, 1.08] 5.65

Ejiri 2022 79 222647 .364674 78
Heterogeneity: 1% = 0.15, /> = 93.00%, H* = 14.28

Test of 8, = 6;: Q(4) = 17.95, p = 0.00

Testof 8 =0: z=-0.77, p=0.44

Overall

Heterogeneity: T° = 0.12, /? = 80.97%, H* = 5.26
Test of 8, = 8: Q(15) = 47.77, p= 0.00

Testof 6 =0: z=-0.79, p=0.43

Test of group differences: Q (1) =0.15, p=0.70

Random-effects REML model

FIGURE 2

09636 .355807

0.13[ 0.01, 0.24] 12.70
—0.17 [-0.59, 0.26]

¢ -0.10[-0.35, 0.15]

Favours SGLT2 inhibitor|| Favours control

Forest plots showing the outcomes for sodium-glucose cotransporter-2 (SGLT2) inhibitor versus control groups for inflammatory

biomarkers: (A) C-reactive protein (CRP) as mean difference. CRP levels reported as mg/L. (B) Fibroblast growth factor-21 (FGF21) as
standardized mean difference (Hedges' G). (C) Monocyte chemoattractant protein-1 (MCP-1) as standardized mean difference (Hedges' G).

placebo (SMD 0.34 [95% Cl 0.23, 0.45]) with no difference versus dia-
betes medications. Overall heterogeneity was high (I? = 98.9%,
p < 0.1), in the placebo subgroup it was low, and in the diabetes medi-
cations subgroup it was high (2 = 99.3%, p < 0.1; Figure 3A).

3.3.2 | Leptin

From the analysis of 12 trials and 1509 participants at follow-up, use
of SGLT2 inhibitors was associated with a significant standardized
mean reduction in leptin compared to control (SMD —0.20 [95% ClI
—0.33, —0.07]). In subgroup analysis, leptin was significantly reduced
versus placebo (SMD —0.21 [95% Cl —0.36, —0.07]) with no differ-
ence versus diabetes medications. Overall heterogeneity was low
(Figure 3B).

3.3.3 | Tumour necrosis factor-alpha

From the analysis of five trials and 259 participants at follow-up, use
of SGLT2 inhibitors was associated with no significant SMD in TNF-a
levels compared to control (SMD —0.30 [95% CI —0.67, 0.08]). There
was no significant difference between groups in subgroup analysis.
Overall heterogeneity was moderate (I? = 55.4%, p < 0.1) and not
fully explained by subgroup analysis (Figure 3C).

3.34 | Interleukin-6

From the analysis of four trials and 228 participants at follow-up,
use of SGLT2 inhibitors was associated with no significant mean
difference in IL-6 levels compared to control (MD —0.34 pg/mL
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FGF21
SGLT2 inhibitors Control Hedges’ G Weight
(B) Study N Mean SD N Mean SD with 95% ClI (%)

SGLT2 inhibitors vs. placebo
Erikkson 2018 19 -7 234 20 78 296 L -0.31[-0.93, 0.31] 24.77
Latva-Rasku 2019 15 -54 207914 16 69 264.75 L -0.50[-1.20, 0.20] 19.52
Oldgren 2021 25 26 268.416 24 17 324.252 — 0.03[-0.52, 0.58] 31.24
Suhrs 2022 19 -.718 234 19 .292 288.505 -0.00 [ -0.63, 0.62] 24.48

Heterogeneity: 12 = 0.00, /2 = 0.00%, H? = 1.00
Testof 6, = 6: Q(3) = 1.84, p=0.61
Testof 6 =0:z=-1.06, p=0.29

Overall

Heterogeneity: 12 = 0.00, /2 = 0.00%, H* = 1.00
Testof 8,=6:Q(3) = 1.84, p = 0.61

Testof 6 =0:z=-1.06, p=0.29

Random-effects REML model

Favours SGLT2 inhibitor!

-0.17 [ -0.47, 0.14]

g —-0.17 [ -0.47, 0.14]

Favours control

MCP-1
SGLT2 inhibitors Control Hedges’ G Weight
(C) Study N Mean SD N Mean SD with 95% ClI (%)
SGLT2 inhibitors vs. placebo
Dekkers 2018 31 -27.714 134.05 31 16.688 148.674 O -0.31[-0.80, 0.18] 21.29
Suhrs 2022 19 -175 115677 19  .136 116.824 —0.00 [ -0.63, 0.62] 13.44

Heterogeneity: T2 = 0.00, /2 = 0.00%, H2 = 1.00
Test of 6,=6: Q(1) =0.57, p=0.45
Testof 8 =0: z=-0.97, p=0.33

SGLT2 inhibitors vs. diabetes medications

Cefalu 2013 95 -1.3 282.657 96

Testof 8 =0:z=0.01, p=0.99

Overall

Heterogeneity: 12 = 0.00, /2 = 0.00%, H? = 1.00
Testof §,=6;:Q(2) =1.19, p=0.55

Testof 8 =0: z=-0.56, p = 0.57

Test of group differences: Q,(1) = 0.62, p = 0.43

Random-effects REML model

FIGURE 2 (Continued)

[95% CI —1.40, 0.72]). In subgroup analysis, IL-6 was significantly
reduced versus placebo (MD —0.85 pg/mL [95% Cl —1.32, —0.38])
and significantly diabetes
(MD 1.20 pg/mL [95% CI 0.41, 1.99]). Overall heterogeneity was
high (1> = 86.0%, p <0.1), but explained by subgroup analysis
(Figure 3D).

increased  versus medications

-1.6 263.565

—

—0.19 [ -0.58, 0.20]

0.00[-0.28, 0.28] 65.27
0.00 [ -0.28, 0.28]

-

=== -0.07 [ -0.29, 0.16]

Favours SGLT2 inhibitor| | Favours control

3.3.5 | Plasminogen activator inhibitor-1

From the analysis of three trials and 277 participants at follow-up, use of
SGLT2 inhibitors was associated with no significant SMD in PAI-1 levels
compared to control (SMD —0.07 [95% ClI —0.30, 0.17]). There was no
significant difference between groups in subgroup analysis (Figure 3E).
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(A) Adiponectin
SGLT2 inhibitors Control Hedges’ G Weight

Study N Mean SD N Mean SD with 95% CI (%)
SGLT2 inhibitors vs. placebo

Bailey 2012 193 781.68 3541.01 66 473.19 2045.39 0.10[ -0.18, 0.37] 5.07
Kaku 2014 171 706.608 1829.06 53 =170 990 0.52[ 0.21, 0.83] 5.06
Kashiwagi (CL0105) 2015 62 300 950 67 =210 860 056 0.21, 091] 5.05
Kashiwagi (CL0106) 2015 112 1470 1224 56 750 1971 0.47[ 0.15, 0.80] 5.06
Kashiwagi (CL0107) 2015 97 250 3070 54 -270 4330 0.14[-0.19, 0.48] 5.06
Kashiwagi (CL0109) 2015 165 470 1290 75 -20 1294 0.38[ 0.10, 0.65] 5.07
Ishihara 2016 167 760 1070 87 430 1100 0.30[ 0.04, 0.56] 5.08
Erikkson 20118 19 -298 1512 20 -132 1165 -0.12[ -0.74, 0.49] 4.95
Seino 2018 156 570 11789 72 110 1103.95 0.40[ 0.12, 0.68] 5.07
Kahl 2020 31 4476 916.496 30 -123.49 798.191 0.66[ 0.15, 1.16] 5.00
Phrueksotsai 2021 18 833.333 1777.78 20 1000 1407.41 -0.10[-0.73, 0.52] 4.94

Heterogeneity: 2 = 0.00, /% = 14.48%, H* = 1.17
Test of 8, = 8: Q(10) = 13.66, p = 0.19
Testof 8 =0:2=5.99, p=0.00

SGLT2 inhibitors vs.diabetes medications

Hayashi 2017 40 1.6 1041.07 40
Ito 2017 32 1020 420 34
Shigiyama 2017 37 100 700 37
Aso 2019 33 483.333 945.598 24
Katakami 2020 168 800 1407.41 170
Kinoshita 2020 32 917 186 66
Sakurai 2020 31 400 916.496 18
Sposito 2021 44 .5 4.54074 45
Ejiri 2022 79 -136.467 514.222 78

Heterogeneity: 2 = 6.73, /> = 99.31%, H? = 144.16
Test of 6, = 8: Q(8) = 289.19, p =0.00
Testof 8 =0:2=-1.08, p=0.28

Overall

Heterogeneity: 1% = 3.02, I* = 98.88%, H? = 89.60
Test of 8, = 8;: Q(19) = 309.86, p = 0.00

Testof 8 =0:2=-0.61, p=0.54

Test of group differences: Q,(1) =2.15, p =0.14

Random-effects REML model

FIGURE 3

316.667 962.963

-493.333 618.276

0.34[ 0.23, 0.45]

0 921.672 0.00[-0.43, 0.44] 5.03
6980 1340 s 3 -5.86 [ -6.96,-4.75] 4.62
100 700 0.00[-0.45, 0.45] 5.02
150 713.924 0.38[-0.14, 0.91] 4.9

0.40[ 0.19, 0.62] 5.09
-5.40 [ -6.27,-4.54] 4.80
1.07[ 0.46, 1.68] 4.95

3613 588 E

-.3 1.82963 0.23[-0.18, 0.64] 5.08
-393.9 770.593 0.39[ 0.08, 0.71] 5.06
-0.94 [ -2.65, 0.76]
< -0.24 [ -1.01, 0.53]
Favours control || Favours SGLT2 inhibitor
-10 -5 0 5

Forest plots showing the outcomes for sodium-glucose cotransporter-2 (SGLT2) inhibitor versus control groups for inflammatory

biomarkers—adipokines: (A) Adiponectin as standardized mean difference (Hedges' G). (B) Leptin as standardized mean difference (Hedges' G).
(C) Tumour necrosis factor-alpha (TNF-a) as standardized mean difference (Hedges' G). (D) Interleukin-6 (IL-6) as mean difference. IL-6 levels
reported as pg/mL. (E) Plasminogen activator inhibitor-1 (PAI-1) as standardized mean difference (Hedges' G). (F) Tumour necrosis factor

receptor-1 (TNFR1) as standardized mean difference (Hedges' G).

3.3.6 | Tumour necrosis factor receptor-1
From the analysis of two trials and 3561 participants at follow-up, use
of SGLT2 inhibitors was associated with a significant standardized
mean reduction in TNFR1 levels versus placebo (SMD —0.13 [95% CI
—0.20, —0.06]). There were no included trials using diabetes medica-
tions as control (Figure 3F).

There were not enough data available in the literature to analyse
TNFR2.

3.4 | Insulin sensitivity markers
341 | Homeostatic model assessment of insulin
resistance

From the analysis of 13 trials and 1066 participants at follow-up, use of
SGLT2 inhibitors was associated with a significant mean reduction in
HOMA-IR compared to control (MD —0.83 [95% ClI —1.32, —0.33]). In
subgroup analysis, HOMA-IR was significantly reduced versus placebo
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(B)

(C)

FIGURE 3

BUTTICE ET AL.

Leptin
SGLT2 inhibitors Control Hedges’ G Weight

Study N Mean SD N  Mean SD with 95% CI (%)
SGLT2 inhibitors vs. placebo ‘

Bailey 2012 191 -2.81387 20.1031 65 -1.2 11.6097 ‘ -0.09[-0.37, 0.19] 12.84
Kashiwagi (CL0105) 2015 62 -13 21 67 -22 21 ‘ 0.04[-0.30, 0.39] 9.92
Kashiwagi (CL0106) 2015 112 -74 2.074 56 -.39 1.822 —.—* -0.17[-0.49, 0.15] 10.90
Kashiwagi (CL0107) 2015 97 —.86 1.656 54 72 2865 —Il— ‘ -0.73 [ -1.07, -0.39] 10.01
Kashiwagi (CL0109) 2015 165 -8 2167 75 -.23 1.609 + -0.28 [ -0.56, —0.01] 13.25
Ishihara 2016 167  -.114 439 87  —.042 .049 * -0.20 [ -0.46, 0.06] 14.08
Erikkson 2018 19 —.45 499 20 .38 3.48 —‘l— -0.19[-0.81, 0.43] 3.93
Brown 2020 32 —.44755 3.92561 34 4776 4.67769 —— -0.21[-0.69, 0.27] 6.03
Phrueksotsai 2021 18 —4.7 5.48148 20 —-4.56667 7.85185 *K -0.02[ -0.64, 0.60] 3.85
Sargeant 2022 15 -1.6 8.93854 15 -1.2 5.32701 E— -0.05[-0.75, 0.64] 3.16
Heterogeneity: 12 = 0.02, /2 = 34.44%, H?> = 1.53 > -0.21[ -0.36, —0.07]

Test of 6, = 8;: Q(9) = 12.48, p= 0.19

Testof 8 =0:z=-2.86, p=0.00

SGLT2 inhibitors vs. diabetes medications

Sakurai 2020 31 —.133333 6.20054 18 —.866667 4.2632 0.13[ -0.44, 0.70] 4.47
Sposito 2021 44 0 11.3778 45 2.86 10.9037 —-———.‘-——‘ -0.25[ -0.67, 0.16] 7.57
Heterogeneity: 12 = 0.01, /2 = 11.96%, H? =1.14 ~ = -0.12[ -0.48, 0.25]

Testof 8, = 8; Q(1) = 1.14, p=0.29

Testof 8 =0: z=-0.63, p =0.53

Overall > -0.20 [ -0.33, —0.07]
Heterogeneity: v = 0.01, /2 = 27.78%, H>=1.38

Testof &= 6 (1) = 13,86, p = 0:24 Favours SGLT2 inhibitor | Favours control

Testof 8 =0: z=-3.01, p =0.00

Test of group differences: Q,(1) = 0.24, p = 0.63

1 -5 5
Random-effects REML model
TNF-a
SGLT2 inhibitors Control Hedges’ G Weight

Study N Mean SD N Mean SD with 95% CI (%)
SGLT2 inhibitors vs. placebo

Phrueksotsai 2021 18 1.1 5.18518 20 3.1 3.25926 -0.46[-1.09, 0.17] 18.09
Diao 2023 23 -22.87 136.438 23 -23.22 143.375 0.00[ -0.57, 0.57] 20.05
Heterogeneity: 12 = 0.01, /2= 11.24%,H?=1.13 -0.21[-0.65, 0.24]

Testof 6,=6:Q(1) =1.13, p=0.29

Testof 8 =0:2=-0.90, p=0.37

SGLT2 inhibitors vs. diabetes medications

Phrommintikul 2019 21 —20.89 240.974 22 21.19 312.613 -0.15[-0.74, 0.44] 19.42
Sato 2020 18 -.58 74 17 .08 3 —— -1.13[-1.83, -0.43] 16.23
Sposito 2021 48 -7 142774 49 0 170.357 1 -0.00 [ -0.40, 0.39] 26.20
Heterogeneity: T2 = 0.26, /2 = 76.52%, H? = 4.26 — -0.38 [ -1.04, 0.28]

Test of 6, = 8: Q(2) = 7.68, p = 0.02

Testof 6 =0:z=-1.14, p=0.26

Overall > -0.30 [ -0.67, 0.08]
Heterogeneity: 12 = 0.10, /2 = 55.42%, H? = 2.24

Test of 6, = 6;: Q(4) = 8.83, p = 0.07 Favours SGLT2 inhibitor | Favours control

Testof 6=0:z=-1.54,p=0.12

Test of group differences: Q (1) = 0.19, p = 0.67

r T )

Random-effects REML model

(Continued)
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(D) IL-6

SGLT2 inhibitors Control Mean diff. Weight
Study N  Mean SD N  Mean SD with 95% Cl (%)
SGLT2 inhibitors vs. placebo
Dekkers 2018 31 —.799999 1.40402 31 -.023333 1.75389 — -0.78 [ -1.57, 0.01] 25.02
Latva-Rasku 2019 15 -8 .97665 16 5 1.26003 —l— -1.30[-2.10, -0.50] 24.96
Suhrs 2022 19 -.268 1.09918 19 .213 1.37309 —.—— -0.48[-1.27, 0.31] 25.02
Heterogeneity: 12 = 0.01, /2 = 4.05%, H? = 1.04 - -0.85 [ -1.32, -0.38]

Testof 8, = 6;: Q(2) =2.09, p=0.35
Test of 8 =0: z=-3.56, p=0.00

SGLT2 inhibitors vs. diabetes medications
Sposito 2021 48 .6 1.74708 49 -6 220506 —— 1.20[ 0.41, 1.99] 25.00
—ll>— 120 0.41, 1.99]

Testof 8 =0:2=2.97, p =0.00

Overall —_— -0.34[ —1.40, 0.72]
Heterogeneity: v = 1.00, /2 = 85.98%, H? = 7.13
Test of 8, = 8;: Q(3) = 21.36, p =0.00

Testof 8 =0:z=-0.63, p=0.53

Favours SGLT2 inhibitor | Favours control

Test of group differences: Q,(1) = 19.06, p = 0.00

Random-effects REML model

(E) PAI-1
SGLT2 inhibitors Control Hedges’ G Weight
Study N Mean SD N Mean SD with 95% CI (%)
SGLT2 inhibitors vs. placebo
Suhrs 2022 19 -.000126 43.1531 19 .000123 40.9737 -0.00[ -0.62, 0.62] 14.30

-0.00[ -0.62, 0.62]

Test of 8 =0:2=-0.00, p = 1.00

SGLT2 inhibitors vs. diabetes medications

Cefalu 2013 100 3.3 99 90 7 89.1762 -0.04 [ -0.32, 0.24] 68.86
Sakurai 2020 31 -8.83333 55.1209 18 3.4 39.8808 -0.24[-0.81, 0.33] 16.85
Heterogeneity: 12 = 0.00, /2 = 0.00%, H?=1.00 -0.08 [ -0.33, 0.18]

Test of 6, = 6;: Q(1) = 0.38, p=0.54
Testof 6 =0:z=-0.61, p=0.54

Overall - -0.07 [ -0.30, 0.17]
Heterogeneity: 12 = 0.00, /2 = 0.00%, H? = 1.00
Test of 6, = 6;: Q(2) = 0.43, p=0.81

Test of 6 = 0:z=-0.56, p= 0.58

Favours SGLT?2 inhibitor | Favours control

Test of group differences: Q,(1) = 0.05, p=0.82

-1 -5 0 5
Random-effects REML model
FIGURE 3 (Continued)
(MD —1.35 [95% Cl —1.97, —0.74]) with no difference versus diabetes 3.5 | Clinically relevant outcomes
medications. Overall heterogeneity was high (> = 87.3%, p < 0.1) and
not explained by subgroup analysis with placebo (? = 67.9%, p < 0.1) or There were insufficient data available on clinically relevant

diabetes medication subgroups (7 = 85.9%, p < 0.1; Figure 4). outcomes.
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(F) TNFR1
SGLT2 inhibitors Control Hedges’ G Weight
Study N  Mean SD N  Mean SD with 95% ClI (%)

SGLT2 inhibitors vs. placebo
Neal 2017 2,342
Suhrs 2022 19 -196 2.11273 19 131
Heterogeneity: 12 = 0.00, /2 = 0.00%, H? = 1.00

Test of 8, = 6, Q(1) = 0.00, p =0.98

Testof 8 =0: z=-3.66, p =0.00

Overall

Heterogeneity: T2 = 0.00, /> = 0.00%, H? = 1.00
Test of 6, = 6: Q(1) = 0.00, p=0.98

Testof 8 =0: z=-3.66, p=0.00

Random-effects REML model

FIGURE 3 (Continued)

3.6 | Sensitivity analyses

Sensitivity analyses were conducted investigating the effect of using
MD and SMD for each biomarker (Table S5) as well as the effect of
stratifying papers by their risk of bias (Table Sé). Visual assessment
of funnel plots and Egger's regression test showed there was no evi-

dence of small study effects in any of the outcomes (Figure S1-54).

4 | DISCUSSION

This is the largest review to date encompassing randomized data that
provides Cochrane-standard mitigation of bias, showing that SGLT2
inhibitors likely improve adipokine profiles and insulin sensitivity.
However, in this analysis, SGLT2 inhibitors did not appear to improve
other biomarkers of inflammation when compared to placebo and
other glucose-lowering medications. Our results demonstrate that
SGLT2 inhibitors significantly improved adiponectin, IL-6 and TNFR1
versus placebo, as well as leptin and HOMA-IR versus control. The
reduction in HOMA-IR may be secondary to improved glucose han-
dling as SGLT2 inhibitors are known to increase renal glucose excre-
tion and reduce insulin secretion.”® TNFR1 was found to be reduced
by SGLT2 inhibitors, but this result should be viewed with caution as
it was obtained from the analysis of only two trials.

Obesity is a risk factor for CVD; adipocytes produce immuno-

k.”? This review

modulatory factors that are thought to mediate this lin
shows that SGLT2 inhibitors improve adiponectin and IL-6 versus pla-
cebo, and leptin versus control. These results support the hypothesis
that SGLT2 inhibitors improve adipokine biomarkers. It is plausible
that this could be a contributory mechanism by which SGLT2 inhibi-

tors exert their cardiovascular-protective effects. Nevertheless,

8.6 23.4564 1,181 11.7 24.5469
3.1135

-0.13[ -0.20, -0.06] 98.75
-0.12[-0.74, 0.50] 1.25
-0.13[ -0.20, —0.06]

’_

<> -0.13[ -0.20, —0.06]

Favours SGLT2 inhibitor | Favours control

contrary to our initial hypothesis, this meta-analysis shows that there
is little evidence to support the hypothesis that SGLT2 inhibitors
improve inflammatory biomarkers, other than adipokines. This adds
weight to the following assertion, but does not prove, that the cardio-
protective mechanisms of SGLT2 inhibitors may not be due to an
anti-inflammatory mechanism. This is in contrast to our previous pub-
lication showing that glucagon-like peptide-1 receptor agonists, which
also have cardiorenal-protective effects, improve biomarkers of
inflammation including CRP and TNF-a.8® Trials have shown that
SGLT2 inhibitors have effects beyond improving glucose levels by
normalizing blood pressure, lowering weight/visceral adiposity,
improving arterial stiffness and reducing uric acid concentrations.8-83
As mentioned in the introduction, there is evidence from animal stud-
ies that suggests SGLT2 inhibitors may be anti-inflammatory. This
highlights a need for further research, to better understand the differ-
ence in the effect of SGLT2 inhibitors in animal models compared to
humans.

Our finding that SGLT2 inhibitors significantly affect adipocyte
sensitivity profiles is supported by Wang et al..®* who also reported
that, when compared to placebo, adiponectin is significantly raised,
and both leptin and PAI-1 levels are significantly reduced. However,
the authors conclude that SGLT2 inhibitors are anti-inflammatory,
particularly reporting a significant reduction in CRP when compared
to placebo. We included additional trials comparing CRP to placebo
and it is suspected that Wang et al. may have used median change, as
opposed to mean change, or inappropriately converted units when
reporting CRP outcomes. Additionally, they reported data from Seino
2018%° as CRP when the paper investigated C-peptide immunoreac-
tivity (CPR) instead, as well as reporting data from Hao 20228° which
was not a randomized trial. This may further explain the finding of a

significant reduction in CRP compared to placebo reported by Wang

95UB017 SUOWIWIOD BA 11810 3|qeot(dde aup Aq peusenob e Sajoiie YO @SN JO S8|nJ 10} ARIq1T8UIUO /8|1 UO (SUOTPUOO-PUR-SLUIBYWIO A8 |1 Ale.q 1Bu [Uo//Sdy) SUOTIPUOD pUe Swie 1 8y} 885 [202/50/T0] Uo Ariqi8ulluo /8|1 ‘AiseAIuN eesuems AQ 98GST WOP/TTTT OT/I0p/W0d'au  juowngese | po.d-sa o Lad sqnd-wopy/:sdny wouy pepeojumod ‘0 ‘92eTEIT



BUTTICE ET AL.

WILEY_L ®

HOMA-IR
SGLT2 inhibitors Control Mean diff. Weight
Study N Mean SD N  Mean SD with 95% ClI (%)
SGLT2 inhibitors vs. placebo
Kaku 2014 165 -1.32122 1.85281 48 —-.296 2212 —- -1.03[-1.65, —0.40] 8.59
Kashiwagi (CL0106) 2015 112 -1.04 1.686 56 -.08 1.137 . B -0.96 [ -1.45, —0.47] 9.06
Erikkson 2018 20 -1.08 1.38 20 -.19 1.44 —l— -0.89 [-1.76, —0.02] 7.59
Hattori 2018 51 -1.63 2.42133 51 .82 2.3451 —— -2.35[-3.28, —-1.42] 7.38
Brown 2020 22 -21 1.75556 26 46 239259 —l—— -2.56 [ -3.77, —=1.35] 6.25
Phrueksotsai 2021 18 -1.6 22 20 -1.3 3.2 ——— -0.30[-2.07, 1.47] 4.39
Heterogeneity: T2 = 0.37, /2 = 67.86%, H? = 3.11 i -1.35[-1.97, —=0.74]
Test of 8, = 8: Q(5) = 13.51, p=0.02
Test of 8 =0: z=-4.30, p=0.00
SGLT2 inhibitors vs. diabetes medications
Ito 2017 32 -.43 1 34 -1.37 .58 . 3 0.94[ 055, 1.33] 9.36
Shigiyama 2017 37 -8 19 37 -7 15 i -0.10[-0.88, 0.68] 7.97
Aso 2019 33 —1.08 1.94772 24 .053333 1.60873 —il— -1.08 [ -2.04, —0.13] 7.26
Javed 2019 18 —.2 1.43849 20 .8 1.46856 —— -1.00 [ -1.93, -0.07] 7.37
Kinoshita 2020 32 —-.86 .55 66 -4 .43 (] -0.45[-0.65, —0.25] 9.78
Sato 2020 18 =97 1.6 17 —-.42 .86 — -0.55[-1.41, 0.31] 7.65
Sposito 2021 44 —2.19 2.55556 45 -1.11  1.9037 —.— -1.08 [-2.01, -0.15] 7.34
Heterogeneity: 12 = 0.47, 1 = 85.94%, H?> = 7.11 <= -0.40[-0.98, 0.18]
Test of 8, = 8;: Q(6) = 48.44, p = 0.00
Testof 6 =0:z=-1.36, p=0.17
Overall > -0.83[-1.32, —0.33]
Heterogeneity: 12 = 0.64, /2 = 87.34%, H? =7.90
Test of 6, = 8: Q(12) =90.42, p = 0.00 .
Favours SGLT2 inhibitor | Favours control
Testof 8 =0:z=-3.27, p=0.00
Test of group differences: Q,(1) =4.81, p =0.03

Random-effects REML model

FIGURE 4

|
EN

|
4
o
n

Forest plot showing the outcome for sodium-glucose cotransporter-2 (SGLT2) inhibitor versus control groups for the insulin

sensitivity marker, homeostatic model assessment for insulin resistance (HOMA-IR) as mean difference.

.84 Despite this difference, the data from Wang et al. support the

eta
hypothesis that SGLT2 inhibitors do not have an anti-inflammatory
action, but instead alter adipokine profiles as they report SGLT2 inhib-
itors do not significantly reduce any inflammatory biomarker when
compared to other glucose-lowering medications other than the adi-
pokine leptin.

In terms of limitations, it was necessary to include many trials as
all trials on this topic are small. Most trials investigating SGLT2 inhibi-
tors include inflammatory biomarkers as secondary outcomes, often in
supplements, occasionally with errors in units. In four cases, biomarker
data were only found in post hoc analyses. Despite the evidence base
being heterogenous and carrying some risk of bias, this analysis was
an effective way to answer our study question using currently pub-
lished data and, in order to address heterogeneity, subgroup and sen-

sitivity analyses were performed. This analysis would be surpassed by

a dedicated clinical trial, although the number of participants required
may prohibit such a study design in this context. Where possible,
missing data were estimated or imputed (using validated Cochrane-
endorsed methods), but in a minority of cases, trials had to be
excluded. Follow-up was also short in many trials. Extensive exclusion
criteria were often employed in the included RCTs, limiting the gener-
alizability of the results to a wider population. The scope of this
review does not include oxidative stress, but this remains a useful
future area of investigation.

In conclusion, this review has found evidence suggesting that
SGLT2 inhibitors improve adipokine profiles and insulin sensitivity,
but the analysis shows little evidence of improvement in other inflam-
matory biomarkers including CRP. Adipokines are important aetiologi-
cal factors in CVD and thus may be a contributing factor to the

cardiovascular-protective effects of SGLT2 inhibitors.
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